Abstract 21
Gene body methylation (GBM) has been hypothesized to modulate responses to environmental 22 change, including transgenerational plasticity, but the evidence thus far has been lacking. Here 23 we show that coral fragments reciprocally transplanted between two distant reefs respond with 24 genome-wide increase or decrease in GBM disparity among genes. Surprisingly, this simple 25 genome-wide adjustment predicted broad-scale gene expression changes and fragments' fitness 26 in the new environment. This supports GBM's role in acclimatization, which may consist in 27 modulating the expression balance between environmentally-responsive and housekeeping 28 genes. At the same time, constitutive differences in GBM between populations did not align 29 with plastic GBM changes upon transplantation and were mostly observed among F ST outliers, 30 indicating that they arose through genetic divergence rather than through transgenerational 31 inheritance of acquired GBM states. 32 33 GBM is a taxonomically widespread epigenetic modification the function of which 34 remains unclear (1, 2). GBM is bimodally distributed among genes: it is high in ubiquitously 35 expressed housekeeping genes and low in inducible genes (2, 3). Only the detrimental effect of 36 GBM is well understood: GBM causes hypermutability in protein-coding regions (4). Indeed, in 37 humans, GBM is the primary driver of deleterious parent-age-related mutations (5). To merit 38 pervasive evolutionary conservation, the fundamental biological function of GBM must be 39 important enough to outweigh this risk (1). Among putative cellular functions of GBM, 40 reefs are notably different in temperature ( Fig. 1 B) as well as several other abiotic parameters 62 (18) and host slightly genetically divergent A. millepora populations (19, 20) . Fifteen coral 63 colonies from each reef were halved and reciprocally transplanted between the sites for three 64 winter months ( Fig. 1 A, B ). In this way, each individual genotype was simultaneously exposed to 65 two distinct reef conditions. After three months in the field, tissue samples were collected from 66 each fragment and assayed for genome-wide gene expression using TagSeq (21) and for DNA 67 methylation using MBD-seq (22) . These data were analyzed in the context of several fitness 68 proxies and genetic distances between individuals (based on genetic polymorphisms detected in 69 the MBD-seq data). All experimental corals were dominated by Symbiodinium clade C, which 70 was established by analyzing Symbiodinium-matching MBD-seq reads. 71
For both Keppel-and Orpheus-origin corals fitness proxies were higher at Keppel, 72 possibly due to higher concentration of inorganic nutrients there (18, 19) . For Keppel-origin 73 corals the difference in performance was predominantly in weight gain (i.e., skeletal growth) 74 while for Orpheus-origin corals the difference was mostly in internal stores (lipids, proteins and 75 carbohydrates, Fig. 1 C) . This indicates that (i) Keppel and Orpheus environments are indeed 76 different from corals' perspective, (ii) both populations are capable of plastic responses to these 77 differences, and (iii) there is also constitutive divergence in physiology between populations. 
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To determine the characteristic level of GBM for each gene we used MBD-seq results for 95 12 samples (three per each experimental group, KK, KO, OK, and OO) for which both MBD-96 captured and flow-through fraction were sequenced. Logarithm with the base 2 of each gene's 97 abundance in captured vs. flow-through fractions ("MBD-score" (22)) exhibited the expected 98 bimodal distribution (Fig. S1 A) and showed strong correlation ( Fig. 1 D) with the established 99 proxy of historical methylation level, the ratio of observed to expected numbers of CpG 100 dinucleotides ("CpG O/E " (3)). In addition to this genome-wide validation of our methylation data, 101 we validated GBM results by bisulfite-sequencing 13 amplicons representing different MBD-102 score classes ( Fig. S1 B, C). Genes were assigned to either low-methylated class (class 1) or high-103 methylated class (class 2) based on the MBD-score threshold indicated on GBM is more consistent across fragments of the same original colony than GE, resulting in the 109 estimate of broad-sense heritability of 0.79 compared to 0.64 for GE ( Fig. 1G, Fig. S3 and S4). In 110 addition, significant effects of origin and transplantation site were observed for GE and GBM, 111 both more pronounced for GE ( Fig. 1 E and G) . 112 Surprisingly, the change in GBM in response to transplantation from Orpheus to Keppel 113 consisted mainly in genome-wide reduction of disparity between high-and low-methylated 114 genes: highly-methylated genes became less methylated and low methylated became more 115 methylated ( Fig. 2 A) . This change was mirrored by less pronounced but clearly reciprocal GBM 116 adjustment in Keppel corals transplanted to Orpheus (Fig. 2 Fig. 3 A) , and were positively rather than negatively 162 associated with differences in GE ( Fig. 3 B) . In addition, genes showing significant constitutive 163 differences in GBM also showed elevated F ST (Fig. 3 C) unlike genes undergoing significant plastic 164 changes ( Fig. S9 ). This indicates that the mechanism giving rise to constitutive GBM changes 165 between populations is unrelated to the mechanism of plasticity and is most likely genetic 166 divergence. 167 changes is much lower than changes in GE ( Fig. 2 D, E), which suggests that GE might be the 205 primary driver. However, considering the simplicity of plastic GBM changes -genome-wide 206 exaggeration or mitigation of GBM disparity among genes -it is more parsimonious to assume 207 that this is the leading change driven by the environment, which then translates into broad-208 scale functional shifts in gene expression ( Fig. 2 H and Fig. S8 ). In this way, genome-wide 209 adjustment of gene activity could be achieved by modulating a single process that governs the 210 disparity in GBM among genes. 211
Our results suggest that GBM disparity controls the balance between expression of two 212 broad gene classes: the low-methylated environmentally-responsive genes and highly-213 methylated housekeeping genes. In the higher-quality environment of the Keppel island, where 214 corals attain higher fitness ( 
Materials and Methods

275
Sample sizes 276
The experiment started with 15 colonies from each of the two sites, which were halved 277 and transplanted, resulting in a total of 60 fragments distributed across four study groups 15 278 samples each: two "natives" (KK and OO), and two "transplants" (OK and KO, Fig. 1C ). Although 279 not all original samples were successfully analyzed using all approaches (Table S1 ), in the end 280 each of these four groups included 11 fragments representing unique coral genotypes and 281 paired by genotype between "home" and "away" groups that were analyzed for GBM, gene 282 expression, genotype, and fitness proxies. 283 284
Reciprocal Transplantation Experiment 285
Field work was conducted with permission from the Great Barrier Reef Marine Park 286 Authority (Research permit G09/29894.1) as described previously (23) . Reciprocal 287 transplantations were undertaken between two environmentally distinct study sites (Miall 288 Island in the Keppel Island group: 23°09S 150°54E and Hazard Bay on Orpheus Island 18°37S 289 146°29E) separated by 4.5 degrees of latitude on the Great Barrier Reef ( Figure 1A) . On the 290 23rd of April (Orpheus) and 4th of May (Keppels) 2010 fifteen colonies were collected from wild 291 populations from each site and split in two. One half of each colony was replaced in its native 292 habitat, while the second half was transplanted to the alternate study site. Samples from all 293 coral fragments were collected at midday after three months (9th July 2010 at Orpheus, 294 Sequencing and Analysis Facility. Our total sample size was N=44 (22 colonies divided in half 357 giving 11 samples per treatment group). For the majority of these we sequenced only the 358 enriched library eluted from the capture beads. Fold coverages from these captured libraries 359 were used to estimate relative differences in GBM between samples. For a subset of 12 of the 360 44 samples, we sequenced both the captured and flow-through fractions. Fold differences 361 between these captured and flow-through libraries were used to estimate absolute levels of 362 methylation across genes. We did this for only a subset of samples because we were primarily 363 interested in relative differences in GBM between groups. As relative differences could be 364 reasonably well assessed without sequencing the flow-through ( Figure S2 ), we chose to focus 365 our sequencing resources on increasing sample size rather than more thorough estimates of 366 absolute methylation levels. Adapter trimming and quality filtering reduced these the total read count 940 million, mean = 386 15 ± 0.64 SEM million reads per sample. The reference genome and annotations (version 1.1) 387
for Acropora digitifera (31) were downloaded from NCBI. Trimmed and filtered reads were 388 mapped to this concatenated reference using Bowtie2 (32). To ensure that using a reference 389 from an alternate species did not severely impair mapping, we compared the mean mapping 390 efficiency against the A. digitifera reference with that of a draft genome sequence for A. 391 millepora produced by David Miller and coworkers (James Cook University). Mean mapping 392 efficiency against the A. digitifera (78.4 ± 0.7% SEM) reference was only 5.2% lower than that of 393 A. millepora (83.6 ± 0.8% SEM), hence sequence differences between the two species did not 394 appear to substantially impair read mapping. Following mapping, PCR duplicates were removed 395 using Picard (https://broadinstitute.github.io/picard/). Mean duplication frequency was 14.3 ± 396 0.5% SEM. The BAM files were filtered to retain only highly uniquely aligned reads (mapping 397 quality 30, or 0.1% chance of non-unique alignment) using samtools (33), after which the 398 number of reads overlapping various genomic regions -exon, intron, genic (exon + intron), 399 repeated elements longer than 500b, and repeat-free intergenic regions at least 1 kb long and at 400 least 2 kb away from any gene -were counted using BEDtools (34). 401
402
MBD-score and GBM gene classes 403
For 12 samples (3 per each experimental group) we quantified absolute levels of GBM as 404 the log 2 fold difference in coverage between captured and flow-through DNA fractions while 405 controlling for genotype, as described in Dixon et al. (2016) . These values were used as gene-406 specific "MBD scores" throughout the study. As expected based on previous studies (3, 35), 407 MBD-scores were bimodally distributed (Fig. S1 A) Tag-seq reads were downloaded from the SRA database (accession SRP049522; (23)) and 416 mapped against the A.digitifera genome using SHRiMP (37). Mapped reads overlapping 417 annotated coding sequences were counted using intersection-nonempty method in HTseq 418 version 0.6.1p1 (38). Normalization of raw counts and statistical analyses were performed using 419 DESeq2 (39). 420 421
Assessing variation in gene body methylation and transcription 422
As with gene expression analyses, normalization and statistical analyses of MBD-seq 423 reads were performed with DESeq2 (39). To test for origin effects, we performed two tests that 424 compared the two groups placed at Keppel to each other (OK vs KK) and the two groups placed 425 at Orpheus to each other (OO vs KO). These tests were intended to identify effects of origin 426 while controlling for environmental conditions experienced during the experiment. To assess 427 effects of transplantation, we compared groups that originated from Orpheus to each other (OO 428 vs OK) and groups that originated from Keppel to each other (KK vs KO). For these tests, we 429 included an additional parameter of colony identity to identify effects of transplantation while 430 controlling for genotype. For TagSeq, only genes with mean read count ≥3 were considered for 431 analysis (19706 genes), and for MBD-seq we chose genes with mean read count ≥20 (27084 432 genes). 433 434 Discriminant analysis of principal components 435 GBM data were further analyzed using discriminant analysis of principal components 436 (DAPC) implemented in the R package adegenet (40), following the procedures outlined in 437 Kenkel & Matz (2016) . DAPC is a multivariate analysis method designed to identify between-438 group variation while neglecting within-group variation. We used this method to distill our 439 multivariate MBD-seq dataset into single axes that maximized discrimination between natives 440 from the two experimental sites (KK and OO samples). The result was a discriminant axis 441 contrasting the GBM variation of the two native populations-with one pole designating native 442
Keppel-like GBM patterns and the opposite pole designating native Orpheus-like patterns. The 443 function was then applied to data from the transplanted samples, so that their positions along where, ! . is its distance along the discriminant axis between sample X and the mean DAPC 459 value for natives of its transplantation site, ! is the mean absolute distance for all transplants, 460 and s is the standard deviation of absolute distance for all transplants. Correlations of these 461 values with fitness characteristics of transplanted fragments (Fig. 4 E) were computed using 462 function envfit (R package vegan (42)) 463 464
Validation of MBD-seq results by bisulfite amplicon sequencing 465
To validate our MBD-seq results, we used targeted bisulfite sequencing. Genomic DNA 466 for this procedure was extracted and purified as described above. It should be noted that as 467 with the MBD-seq and Tag-seq, targeted bisulfite sequencing was performed from separate 468 isolations from the same or closely adjacent branch. We performed bisulfite conversion using an 469 EZ DNA Methylation-Gold kit (Zymo Research; cat. no. D5005). Thermocycler conditions for 470 conversion were 98°C for 10 minutes followed by 53°C for 4 hours. Primers for post-conversion 471 amplification were designed using Bisulfite Primer Seeker (Zymo Research; 472 http://www.zymoresearch.com/tools/bisulfite-primer-seeker). Primer sequences are given in 473 Table S1 . We designed 13 primer sets to target coding sequences (excised from the A. digitifera 
origin or transplant effect and a random subset of 500 non-significant genes (rather than whole 509 genome, to speed up computation) were determined using ANGSD based on site frequency 510 spectra as priors, which were generated for every gene subset without using filters that would 511 affect representation of alleles of different frequencies (-uniqueOnly 1 -remove_bads 1 -512 minMapQ 20 -minQ 30 -baq 1 -minInd 4). 513 514
Determination of relative proportions of Symbiodinium clades 515
The MBD-seq reads were mapped to the concatenated reference including A. digitifera 516 genome and four Symbiodinium sp. trasncriptomes from four different genotypic groups 517 ("clades"). Transcriptomes for Symbiodinium clades A and B were from (45) and transcriptomes 518 for clades C and D were from (46). We then counted the relative proportions of reads producing 519 highly unique matches (mapping quality 40 or higher) to each Symbiodinium transcriptome, 520 using a custom perl script zooxType.pl. All corals were found to be dominated by 
